Part of the effort to eliminate surplus weapons-grade plutonium is to assess the options for burning the fuel material in commercial power reactors. In the Russian Federation, a prime candidate for plutonium disposition is the VVER-1000 class of reactors.
Benchmarking is necessary to confirm that our calculational methods and nuclear data libraries can accurately model VVER-1000 reactors with MOX fuel on high-grade plutonium (i.e., > 90 wt% 239Pu).
Recently, a number of computational and experimental benchmarks were analyzed in Russia'. The computational benchmarks were designed to allow detailed comparisons of calculational methods and nuclear data used in the computer code systems. The various VVER-1000 benchmark cases represent many variations in fuel materials and reactor conditions. This report documents the calculational results for benchmark cases using the SAS2H sequence module of the SCALE2 code system. SAS2H was used for all the pincell benchmark case analyses because it could be used for both zero-bumup and fuel depletion cases. The final SCALE/SAS2H results are compared to the ORNL results3 with the HELIOS4" code and the results of the Russian codes MCU-RFFI/A', TVS-M'*6, and WIMS-ABBN'.
The comparison of the SAS2H results to the results of the other codes is not an exhaustive comparison and is done for illustrative purposes. Only the Russian results from Reference 1 were used in any comparison. There have been subsequent new Russian benchmark results but new inter-code results comparisons will be made elsewhere.
This study also serves to confirm and verify the HELIOS calculations; this is important since HELIOS is the main computational code used in our physics assessments of assembly designs for Pu disposition in Russian VVER-1000 reactors.
The benchmark cases analyzed in this work with SAS2H represent a major subset of the entire VVER-1000 neutronics benchmark case specifications.
A total of 83 SAS2H pin-cell cases were simulated during this work. Eight fuel variants were modeled in these cases ranging from LEU UO2 to weapons and reactor-grade MOX fuel, with a variety of fuel isotopic inventories. The various pin-cells were analyzed for different states of reactor conditions such as fuel temperature and moderator temperature and density. These states are representative of normal operational conditions for VVER-1000 reactors and certain off-operation conditions. Three of the pin-cell benchmark cases analyzed simulated fuel depletion up to a bumup of 60 MWd/kgHE (Mega Watt days per k~ of Heavy Elements).
The benchmark case specifications used for the SAS2H calculations are presented in Section 2. The modeling methodology employed with the SCALE/SASIZH sequence and an introduction and description of the other codes used in the VVER-1000 benchmark in the US and in Russia are discussed in Section 3. The calculational results and observations from this work are presented and discussed in Section 4 for both zerobumup benchmark cases and several fuel depletion benchmark simulations. The findings of the benchmark study are summarized in Section 5. The VVER-1000 benchmark case specifications are presented in Reference 1. The cases simulated with SAS2H are pin-cell calculations for a variety of fuel materials ranging from LEU UO2 to MOX fuel with reactor-grade plutonium and with weaponsgrade plutonium. The various fuel compositions are referred to as fuel variants; for this work, eight fuel variants Vl-V4 and V7-VI0 were modeled. The benchmark case simulations were performed for five specific sets of reactor conditions (States Sl to S6) which represent normal and off-normal situations including specified values for fuel temperatures, moderator temperature and density, fission product poison concentrations, moderator boron level. Three representative SCALE-4.3 SAS2H input data files for the fuel depletion pin-cell benchmarks are attached to this report as Appendices A to C. 
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Three of the fuel materials (lW7, FU8, FU9) are special mixtures of fresh MOX fuel with only one individual plutonium isotope (239Pu, '?u, and "'Pu, respectively). These unusual isotopic compositions are included in the benchmark cases to allow for the assessment of the effects of each individual major plutonium isotope. The cladding material (CLl) for all the benchmark cases is natural zirconium. The moderator materials used in the benchmark cases (MODl, MOD2, MOD3) represent different densities and boron concentrations, from dissolved boron acid, in light water. MOD1 and MOD2 are hot light water with and without boron in the moderator, respectively. MOD3 is cold light water with dissolved boron.
DESCRIPTION OF GEOMETRY
In the actual VVER-1000 reactor fuel assemblies, the fuel pins have a central hole, and the fuel is arranged on a hexagonal (triangular) pitch in hexagonal fuel assemblies. For the purposes of the VVER-1000 pin-cell benchmark studies, the specifications from central hole in the fuel pellet is not included in the benchmark. The cladding outer diameter is given as 0.9164 cm, for a cladding thickness of 0.0772 cm. All the calculations were performed using a buckling value B2=0.003 cme2 to represent the neutron leakage for the fuel types in the critical reactor.
BENCHMARK FUEL VARIANTS
The benchmark variant numbers VI-V10 discussed in this report are in coincidence with the fuel material numbers FUl-FUlO. However, the benchmark variants Vl-V4 and V7-VI0 analyzed for this pin-cell study are actually combinations of the fuel materials, reactor conditions, and state specifications. The pin-cell variant benchmark cases were performed for the same pin-cell geometry.
The spatial power density (thermal power per volume) for the core region for all the cases is specified in Reference 1 as 108 MW$m3. For the fuel variant materials, the specific power 1eveIs (thermal power per mass of heavy elements) for each fuel composition differ in order to meet the constraint of constant power density of 108 MWt/m3. The appropriate power density values were used in the SAS2H case inputs (see Appendices A to C) on the basis of MW per "volume of interest"; for these cases, the "volume of interest" was the length of a fuel pin (also tabulated in Table 2 .3) that would contain exactly 1 kg of heavy elements (U, Pu, etc.). However, the power density and fuel volume for 1 kg of heavy elements are necessary only for normalization for the three benchmark fuel depletion cases (Vl, V2, and VlO; in State S 1).
SPECIFICATION OF STATES
The SCALEEAS2H benchmark calculations were performed for a variety of state conditions for each of the various fuel variant material" compositions.
The state conditions are tabulated in Table 2 .4 and these represent a number of fuel and non-fuel temperatures, different moderator conditions and materials, and different '35Xe and '49Sm concentrations. These state specifications are typical of the conditions and materials in VVER-1000 reactors during operation (Sl-S4), and also off-operation conditions (S5) and during shutdown situations or zero-power operation (S6). The parameters of importance that were calculated and used during the SCALE-4.3/SAS2H benchmark study include bff, 16, kinf, isotopic concentrations of actinide and fission product nuclides, and the depletion behavior (0 to 60 MWd/kgHE in burnup steps of 2 MWd/kgHE) for selected cases. The definition of the & factor is the infinite multiplication factor of the system, the ratio of total neutron production to the total neutron absorption, in the critical spectrum.
MODELING

METHODOLOGY
In this section, some of the main details and description are presented about the SCALE/SAS2H code sequence used to simulate the VVER-1000 neutronics pin-cell benchmark cases. A brief introduction and summary is then presented about other computer codes used to analyze the benchmark cases. Later in this report, some of these other benchmark results are compared to the SAS2H pin-cell benchmark results. A schematic of the actual hexagonal pin-cell geometry modeled for the VVER-1000 neutronics benchmark is portrayed in Figure 3 .1.
THE SCALE-4.3BAS2H CODE -USED IN THIS STUDY
The benchmark cases were simulated based on discrete ordinates theory using the SAS2H sequence of the SCALE 4.3 code package. In order to obtain the various k-values for the zero-bumup (non-depletion) cases, two cases were actually calculated: one with the buckling height entered in the input, and the other with no buckling. The latter yields the appropriate kinf. The case with the buckling height entered yields the value for by and for 16. A total of 80 non-depletion benchmark cases were run with SAS2H and three fuel depletion cases were also run with the module.
The Shielding Analysis Sequence No. 2 (SAS2) control module was originally developed for the SCALE code system to provide a sequence that generated radiation source terms for spent fuel and subsequently utilized these sources within a onedimensional (1-D) shielding analysis of a shipping cask. The principal use of SAS2 over its history has been fuel depletion analysis to obtain radiation sources, decay heat, and spent fuel isotopics. The original SAS2 sequence was considerably enhanced as SAS2H for SCALE-4.
Six different codes plus several routines in the SCALE subroutine library are utilized by the SAS2H control module. The basic functions of the six functional modules are described below. The full details and description of the code system are presented in the SCALE manual (Reference 2). BONAMI applies the Bondarenko method of resonance self-shielding for nuclides that have Bondarenko data included with their cross sections. BONAMI and the Bondarenko methods and applicability are discussed in Reference 2. NITAWL-II performs the Nordheim resonance self-shielding corrections for nuclides that have resonance parameters included with their cross sections. NITAWL-II and the Nordheim Integral Treatment (NIT) are also discussed in Reference 2. XSDRNPM performs a 1-D discrete-ordinates transport calculation based on various specified geometries requested in the data supplied by SAS2H. The code, as applied by SAS;?H, has three particular functions: to produce cell-weighted cross sections for fuel depletion calculations; to determine cell-weighted cross sections for spent fuel assemblies in a specified shipping cask; and to compute the angular flux data for the specified shipping cask, which are then applied by XSDOSE in computing dose rates.
The neutron transport analysis for each time-dependent fuel composition is basically a two-part procedure in which two separate lattice-cell calculations are performed, ' determining the neutron spectrum and, subsequently, the nuclide cross sections. At specified times during the bumup, the cross sections are updated using resonance processing codes and 1-D transport analyses. These updated cross sections are used in the depletion computation that produces the time-dependent fuel composition to be used for the next cross-section update. This sequence is repeated for the entire simulated operating history of the reactor.
For each time-dependent fuel composition, SAS2H performs 1-D neutron transport analyses (via XSDRNPM) using a two-part procedure with two separate lattice-cell models. The first model is a unit fuel-pin cell from which cell-weighted cross sections are obtained. The second model represents a larger unit cell (e.g., an assembly) within an infinite lattice. The fuel neutron flux spectrum obtained from the second (large) unit-cell model is used to determine the appropriate nuclide cross sections for the specified bumup-dependent fuel composition. The cross sections derived from a transport analysis at each time step are used in a point-depletion computation (via ORIGEN-S) that produces the bumup-dependent fuel composition to be used in the next spectrum calculation. In the study reported in this document, SAS2H was only applied to the pincell model for the VVER-1000 benchmark cases, concentrating on k-value determinations for most of the cases and also modeling fuel depletion isotopics for several bumup simulation cases.
The SAS2H sequence uses the ORIGEN-S code to model fuel depletion. The 1-D XSDRNPM code is used with SAS2H to model the neutronics and physics of the cases. XSDRNPM and the automatic quadrature generator, the unit-cell mesh generator, and convergence criteria applied by the code are discussed in Reference 2. ORIGEN-S performs both nuclide generation and depletion calculations for the specified reactor fuel history. The code computes the neutron and gamma sources generated by the fuel. COUPLE updates the cross-section constants included 'on an ORIGENS nuclear data library with data from the cell-weighted cross-section library produced by XSDRNPM. The weighting spectrum computed by XSDRNPM .is applied to update all nuclides in the ORIGEN-S library that were not specified in the XSDRNPM analysis.
The 1-D basis of XSDRNPM requires the use of the Wigner-Seitz equivalent cell in the representation of the actual hexagonal pin-cell geometry that is shown in Figure 3 .1. The Wigner-Seitz pin-cell model represents the moderator as an annular region that conserves the appropriate ratio of moderator to fuel region. The moderation in the actual hexagonal pin-cell is greater than in the cylindrical Wigner-Seitz representation. Uranium is relatively insensitive to the small spectral effects so the Wigner-Seitz cylindrical approximation should not have a great effect. In MOX fuel cases, the plutonium in the fuel is more sensitive to spectral changes because of the -0.3 eV resonances in 239Pu and 241Pu, and the 1.1 eV resonance in 24ePu.
Depletion. calculations were only performed for benchmark fuel variants Vl, V2, and VlO for state Sl. The input files (see the Appendices) were designed such that output is provided at bumup steps of 2 MWd/kgHE for each case. The depletion cases 'were normalized to exactly 1 kg of heavy elements (initially) and the proper specific power density (from Table 2 .3) was used.
In performing the depletion calculations with SCALE-4.3/SAS2H, it was discovered that in order to model the bumup history correctly, one has to include in the initial fuel compositions, in the input file, trace amounts of any potentially important nuclides. These long lists of nuclides can be seen in the fuel depletion cases in Appendices A to C. Originally, the author of this document tried to complete these depletion cases allowing 15 SAS2H to use its internal default set of nuclides to model the burnup history: this was not sufficient, and led to large discrepancies between the earlier SAS2H depletion results and the results of the other codes.
The 238GROUPNDF5 nuclear data library was used for all the reported SAS2H benchmark simulation cases. The nuclide 239Np had to be left out of the specified fuel composition for fuel material FU3 and FU4 because it was not directly available with the 238GROUPNDFS nuclear data library. This did not, however, have any significant impact on the calculational results.
For the SAS2H pin-cell benchmark cases that modeled boron in the moderator, it was discovered that one had to run a short burnup step to override the code's attempt to set the initial boron level to 1.45 times the input value for the initial calculations. The input case files in the Appendices have an initial 10e5 day bumup step to reset the boron levels to their appropriate concentrations.
DESCRIPTION OF MODELING CODES USED IN OTHER STUDIES
This subsection presents a description and some of the modeling details of the other codes used in various solutions of the VVER-1000 neutronics benchmarks. ,_.
HELIOS
HELIOS5-6 is a two-dimensional neutron and gamma transport code lattice/fuel assembly analysis code developed by Studsvik Scandpower Inc. The neutron and gamma transport calculations in the code are based on current coupling of space elements. The situation within the spatial elements is modeled by collision probabilities. This is the CCCP kurrent-coupling collision-probability) method. The resonance treatment is based on the subgroup method. More specific details of the HELIOS code system are discussed in References 4 and 5.
. The HELIOS code system comprises the AURORA input processor, the HELIOS calculational module, and the ZENITH output processor. The communication between the three codes is through a data base that is accessed and maintained by a' subroutine package HERMES. Associated with the' HELIOS code system is the ORION geometry viewer.
During HELIOS calculations, neutron fluxes and currents, and nuclide number densities are determined. Resonance-shielded microscopic cross sections are calculated. The fluxes and currents are calculated by the CCCP method for particle transport. Firstflight probabilities are evaluated. The criticality spectrum is evaluated by the Bi method to rebalance the spectrum that was calculated in the CCCP stage. Bumup chains are then solved to obtain updated nuclide number densities. . groups. The HELIOS-1.4 benchmark results3 were all determined using the 190-group nuclear data library.
MCU-RFFUA __
MCU-RFFI/A is a general-purpose continuous-energy Monte Carlo code for solving the neutron transport problems in the energy range from 10.' eV up to 20 MeV. A description of the code is presented in Reference 1. The code is a part of the MCU project. This project includes development of the nuclear data libraries and the codes for processing library data, designing and updating the Monte Carlo code package, and supporting and updating the CLAD library, containing MCU input lists and the results of MCU calculations for a variety of problems (-300 assemblies). The MCU-RFFI/A executable is assembled from modules in the MCU code package. The modular code architecture permits the solution of transport problems using a set of various algorithms and exchangeable program modules while also using different data libraries. The code is used with pointwise and step-function representations of cross sections. To describe the unresolved resonance cross sections a subgroup method is used, similar to the probability table method. A detailed cross section representation is used in the resolved resonance region: for the important nuclides, a near-infinite number of energy points is used to describe the resonance curve. The cross sections are calculated at every energy point on the basis of the resonance parameter library, and temperature effects can be estimated. For the thermal energy range, the Monte Carlo algorithm uses the S(a$) scattering laws and coherent elastic scattering or free gas models. In the solutions, both the prompt neutron and the delay neutron spectra can be distinctly included.
The accuracy of the nuclear data has a major influence on the results of a Monte Carlo code.
MCU-RFFI/A code verification and validation was based on the DLCNCUDAT-1.0 composite library, which includes the ACE library prepared by NJOY from ENDF/B-VI data, the ABBN 26-group library, the LIPAR library of nuclear resonance parameters for the resolved resonance region, the VESTA library of continuous-energy thermal neutron cross sections, and the TEPCON thermal neutron data multigroup library (which is an alternative to VESTA). _--MCU-RFFI/A' with' the DLC/MCUDAT-1.0 library were certified by GAN in 1996 for use as a tool to perform criticality calculations for most neutron multiplication systems including those with plutonium or MOX fuels.
The scattering laws for the VESTA and TEPCON libraries are calculated using ENDF data. The ACE library is used only for energies above 100 keV. The ABBN library is used to describe smooth cross sections (with step functions) for energies above the resolved resonance range. Inelastic scattering is modeled using probability density step functions. LIPAR data are directly used in the code for calculating the continuous energy cross sections taking into account Doppler broadening. Both continuous energy (VESTA) and the multigroup approximation (TEPCON) can be used in the thernialization region. For most moderators, the scattering cross sections are calculated using Gauss's incoherent approximation. If necessary, the elastic coherent cross sections are also used. DLCNCUDAT-1.0 also includes the DOSIM (prepared using NJOY) library which includes data for dosimetry reaction rate calculations.
MCU-RFFI/A
allows the user to model an. arbitrary, 3-D system described by combinatorial geometry.
Geometry zones are represented by combinations of 13 different geometric bodies.
Boundary conditions include vacuum, white, spectral reflection, translational symmetry, and symmetry planes. Criticality cases may be solved in Benoist's method with neutron leakage represented by buckling. Doubly heterogeneous systems (fuel elements with detailed microcells) can be modeled.
TVS-M
TVS-M is a spectral code used for calculations of VVER neutronics constants for cells, super-cells, and fuel assemblies. A description of the TVS-M code is given in References 1 and 6. TVS-M is part of the code package for VVER calculations. The nuclear data library used by TVS-M is essentially the same as the nuclear data used with MCU-RFFI/A.
For the fast energy region (> 4.65 keV) the ABBN multigroup cross section library is used. This fast energy range includes 12 groups of the library. For the resonance energy range (4.65 keV > E,, >,0.625 eV) the 13'h to the 24th ABBN groups are used, with a modification to the 24'h group because of mismatched lower energy boundaries. In the resonance range, TVS-M uses both group and subgroup constants. The resonance parameters from the LIPAR-3 library are applied for resonance nuclides. For these nuclides, the cross section calculation is based on the Breit-Wigner multilevel model; for the fissile nuclides, the Adler-Adler model is considered. The thermal energy range ( c 0.625 eV) is subdivided into 24 groups. A set of scattering matrices for various temperatures (calculated with the Koppel-Young model) is applied to the hydrogen in the water molecules. The group cross sections of nuclides and the scattering matrices have been obtained from the same nuclear data (TEPCON library) .and the same algorithms as for the MCURFFI/A code. For depletion calculations, 96 fission products are considered. TVS-M uses a library of fission product yields based on ENDFLB-VI data and group cross sections from the MCU data library.
The TVS-M calculational methodology follows stages. First, ddetailed calculation of all cell types in a fuel assembly (i.e. fuel cell, absorber cell, etc.) is performed. Corresponding sets of few-group constants are determined. Next, these constants are used in a nodal diffusion calculation of the whole assembly. Neutron spatial distributions (in the specified group structure) are calculated with the passing-through probability methods, which is similar to the first collision probability method. Neutron reflection at the cell boundary takes into account the actual hexagonal geometry of the boundary.
In the fast energy range, detailed calculations are performed with the use of group and subgroup microscopic cross sections from the ABBN library. The energy losses of neutrons through elastic and inelastic slowing down are described continuously, taking into account scattering anisotropy in a system of inertial centers. In the resonance energy region, the slowing down of neutrons is calculated in the same manner as for fast neutrons. Resonance nuclide cross sections are calculated for each energy value with the CROSS code using resonance parameters files for each nucli,de. Interference is taken into account between potential and resonance scattering, temperature dependence of cross sections, and p-wave contributions to the scattering cross sections. The effect of mutual overlap of different resonance nuclides is also taken into account. For the thermal energy range, the group thermalization equation is solved by the passing-through probability 18 . method. Sources are shaped when the upper energy groups are calculated. The Nelkine asymptotic limit of scattering is applied for hydrogen.
A nodal diffusion approach (with asymptotic and transient trial functions) for both neutron flux and neutron current is applied for a pin-by-pin calculation of the fuel assembly being modeled. The transient situation corresponds to finding the neutron distribution in the cell placed at the center of a supercell when a source in it is equal to zero. In such a supercell, the fuel cell is surrounding by water and a cell of the other type (I.e., homogenized fuel cells). A correction for mesh width in the balance equation compensates for the difference between average flux levels and the flux at the cell boundary. A similar correction is applied to the neutron current flowing through the cell.
Fuel depletion is modeled with TVS-M by burnup equations that are solved for every fuel pin, which can be subdivided into concentric rings (i.e., separate bumup zones). In addition to the fission product calculations, concentrations of 20 nuclides of Th to Cm are explicitly calculated with bumup. Equilibrium concentrations of 13'Xe and '49Sm are also calculated.
WIMS-ABBN
The WIMS-ABBN code is an updated version of the WIMS-D4 code. A description of WIMS-ABBN is presented in Reference 1. The code has an updated nuclear data library and includes minor actinide chains in the calculations. Most structural materials, all neutron absorbers, and all actinides were updated in the WIMS-D4 library. Data were added for Sn, MO, Ta, and W, and for the minor actinides 237Np, 238Pu, 241Am, 242Am, 242mAm, 243Am, 242Cm, 243Cm, 244Cm, and "%Zrn. Data for fission products were also updated. FP yields from 235U and 239Pu were updated, and yield data were added for the other fissile nuclides. Data for the new WIMS-D4 library were calculated on the basis of the FOND-2 evaluated nuclear data library. The ENDF/B-VI and JEF-2 nuclear data libraries were also used.
Resonance self-shielding data were calculated with the GRUCON code for cases when the narrow resonance approximation is sufficient. NJOY was used for all fuel nuclides for calculation of resonance self-shielding data, with considerations for fluctuations of collision probability density. Thermalization matrices for moderators were calculated with NJOY from ENDF/B-VI data. Scattering anisotropy is modeled in the PI approximation. NJOY was also used to calculate average group cross sections and matrices for intergroup transitions. ACTWIMS, an additional neutron reaction cross section library, was compiled. It includes data for more nuclides and reaction types than the main W&IS-D4 library.
Energy boundaries in the libraries are consistent, so ACTWIMS. data could be collapsed using the neutron spectra from WIMS. A set of 48 nuclides (16 actinides, 31 FPs, and oxygen) is used.
. . Improvements to WIMS-D4 include the extension of resonance self-shielding of neutron cross sections to the thermal energy range. This will benefit the accurate treatment of neutron capture in 242Pu, which has a resonance energy level at a very low energy. Another improvement to the code is the addition of the module AVERAGE to collapse the ACTWIMS cross sections in the cell-averaged neutron spectra calculated by WIMS. The number of nuclear reactions considered during actinide generation was extended, but the structure of the W&B-D4 library does not allow for the inclusion of some important reactions. The production of 242Am and 242mAm through neutron capture bY 241Am cannot be considered as W&IS-D4 cannot treat branching in the capture process. Production of 242Cm and 243Cm cannot be modeled correctly. The (n,2n) reaction cannot be considered if the (n, y) reaction is included.
To correct this shortcoming, the code CREDE was developed.
CREDE works in conjunction with WIMS-D4 and AVERAGE, and is used for calculating heavy metal (HM) concentrations during bumup simulations and during long decay periods. In CREDE depletion calculations, one-group microscopic cross sections are taken from the WlMS library or, if not present, the ACTWIMS library. The neutron flux required for the CREDE calculations either comes from WIMS or is computed in CREDE itself from the specific power level. At each bumup step, the neutron flux and microscopic cross sections are updated. 20 
RESULTS AND DISCUSSION
The SCALE-4.3 SAS2H results from an Oak Ridge National Laboratory analysis of the weapons-grade MOX VVER-1000 pin-cell neutron&s benchmark study are presented in this section. The SAS2H results are compared to the results from the HELIOS-1.4 benchmark study also performed at ORNL and documented in Reference 3. The benchmark results from three Russian codes are also compared. The Russian results are documented in Reference 1 and include calculations using MCU-RFFI/A, TVS-M, and WIMS-ABBN. . Zero-bumup results are shown in Section 4.1 for cases with benchmark variants Vl-V4 and V7-VlO for states Sl to S6. The calculations were performed using the official benchmark specifications including the large given value for the buckling, B2=0.003cm-2.
In addition to the zero-bumup cases, three fuel depletion cases were completed using SAS2H. The fuel depletion cases were for variants VI (LEU), V2 (weapons-grade Pu MOX), and VlO (reactor-grade Pu MOX) all with State Sl, for a bumup history from 0 to 60 MWd/kgHE. These results are presented in Section 4.2. 
BENCHMARK RESULTS FOR CASES WITHOUT FUEL DEPLETION
The hff, b, and kinf results of the SAS2H zero-bumup benchmark cases are presented in Table 4 .1. These data represent the completion of 80 individual SAS2H runs. Most of .these calculations were also repeated with tlaf: SCALE-4.3KSAS module, to confirm the results; the results were identical. . In Table 4 Table 4 .139) were clearly typographical errors in Reference 1. These data are still included in Table 4.2 In terms of reactivity %Ak/k2 = lOO[(lc,,,-k,,,)/~~k~~,~~) = 1 OO( ln<mlw-lk,), the differences in k-values between SAS2H and HELIOS show trends. Table 4 .3 shows the reactivity differences between the SAS2H and the HELIOS k-value determinations. Values for kinf are systematically slightly higher in HELIOS than in SAS2H. For the 40 cases shown in Table 4 .2, the HELIOS kinf is higher than the SAS2H kinf by an average of 1.07ti.06 %Ak/k2. Values for ha, on the other hand, are generally slightly higher for SAS2H than for HELIOS, by an average of 1.03ti.10 %Ak/k2. The agreement between SAS2H and I-IELIOS results for all the benchmark variants in State S6 is the best: 0.46ti.13 %Ak/k2 for differences in kinf and -0.64ti.11 %Ak/k2 for kinf and 0.46H.13 %Ak/k2 for kff. The difference between SAS2H and HELIOS k-values for the other state 21 sets are similar: -1.07 to -1.23 %Ak/k2 for kinf, and 1.10 to 1.27 %Ak/k2 for bff. For subsets of results by benchmark variant (for all states) the best average agreement S-H for bfr is V9 with -0.14&0.06 %Ak/k2, the corresponding kinf difference is the largest, -1.69ti.13 %Ak/k*. The bff disagreement for V2 is the worst, at 1.44kO.16 %Ak/k2, with a corresponding kinf difference of -0.76ti.11 %Ak/k2; this is also the average kinf difference for benchmark variant V7 cases.
Reactivity effect values are of greater importance and interest than the absolute kvalues themselves. From the k-values presented in Table 4 .1 and 4.2, sets of reactivity differences were calculated from the results from each computer code for six pertinent quantities and reactor state changes. These reactivities are listed in Table 4 .4 in terms of %Ak/k2; that is, Ap=lOO[(kl-k2)/k~k2]=lOO(lkt -l/kz). The reactivity differences based on kff are significantly different from those based on k, or kinf. This is most likely because of the neutron leakage behavior related to the large buckling value B2=0.003cm-2 that is specified in Reference 1.
The reactivity differences for cold-to-hot coolant include the major effect of coolant density decrease from the expansion at hot temperatures, and the associated effective reduction in the coolant boron concentration. In Table 4 .4, it is seen that these reactivity values have the largest differences between the results from kff and the results from k, and kinf. These &R vs b and kinf differences are carried through to the "cold-to-hot reactor" reactivity effects seen in Table 4 .4.
The boron worth reactivity effect determinations (based on states Sl and S3) from MCU and TVS-M as presented in Table 4 .4 have actually been. corrected for various concentration levels of 49Sm and 13'Xe in the Russian benchmark S 1 and S3 calculations. These modeling differences are discussed in the footnotes to Table 4 .2. The corrected values presented in Table 4 .4 are approximate since the reactivity worth of boron will be somewhat different when calculated in the presence of different levels of '35Xe and '49Sm. Once the variable reactivity effects for '49Sm and 13'Xe are subtracted, the boron worth reactivity effect values from the Russian codes and the HELIOS and SAS2H calculations come into good general agreement. The reactivity worths for boron, and for r3'Xe and '49Sm, are seen to be larger for LEU fuel (VI) than for the MOX cases (V2 and VlO), as expected from neutron spectral considerations.
The reactivity worth calculations for 13'Xe and '49Sm (based on the state Sl and S4 k-values shown in Table  4 .2) are in good general agreement for all the codes.
The reactivity effects from fuel temperature changes (Doppler broadening) and coolant expansion and coolant temperature increase are consistently slightly larger for SAS2H calculations than for the other codes, for all the benchmark cases. For the coldto-hot reactivity effects: generally, HELIOS, MCU, and TVS-M results agree to within about 1 to 5%. SAS2H results agree to within about 5 to 10%. Table 4 .138 of Reference 1, which were presented in Table 4 .2 of this report as TVS-M'.
BENCHMARK RESULTS FOR CASES WITH FUEL DEPLETION
The results &from three fuel depletion simulations performed with SAS2H as part of the benchmark study are presented below. The three fuel depletion cases are with fuel variants Vl (LEU UOz), V2 (WG MOX), and VI0 (RG MOX), all at State Sl conditions and with the specific power densities shown in Table 2 .3. The case burnup steps were chosen to provide results at every 2 MWd/kgHE burnup increment between 0 and 60 MWd/kgHE.
The case input files are included as Appendices A to C. The SAS2H results for the fuel depletion cases are also compared to results from the ORNL study with HELIOS and from two Russian studies with TVS-M and with WIMS-ABBN.
In Table 4 .5, the results are summarized in terms of the initial and discharge k-values. These comparisons are seen graphically in Figure  4 .1. With the SCALE-4.3/SAS2H sequence, only one fuel region can be modeled in a fuel pincell simulation. In HELIOS for example, the fuel can be modeled as concentric regions, permitting the modeling of the important outer annulus of the fuel for MOX fuel burnup simulations. Some small offsets in k determinations result when only one fuel region is considered. To assess this, a test case with HELIOS-1.4 for variant benchmark V2, changing the fuel region representation to just one fuel region as in SAS2H, results in a -0.08%Ak/k2 reactivity drop in ko and a -0.09%Ak/k2 reactivity drop in k,R for BOL, and a -0.23%Ak/k2 drop in & and a -0.27%Ak/k2 drop in by at 60 MWd/kgHE.
In Figure, 4 .1 below, the k, values are depicted for the BOL and EOL of each fuel depletion scenario. There is good agreement between the results of the four codes. In fact, the results at EOL (60 MWd/kg) are in very good agreement though the codes employ different methodologies and different nuclear data libraries. For example, SAS2H used 27 ENDF/E3-V data in a 238 neutron energy group library while HELIOS used ENDF/B-VI data in a 190 neutron energy group library.
In Figures 4.2 and 4 .3, the detailed b vs burnup data from the ,four codes are shown graphically for two pertinent cases, V2 (WG MOX) and VlO (RG MOX), respectively. In Figure 4 .2, it is seen that the curves for SAS2H, TVS-M, and WIMS-ABBN start from almost the same value at zero bumup, and then diverge slightly. The TVS-M and HELIOS curves are very close for most of the bumup history. The SAS2H and WIMS-ABBN curves are similar to each other. At EOL, the results of all the codes are very close; the end points for SAS2H, HELIOS, and TVS-M are almost the same value.
An interesting detail is that the curves for SAS2H, HELIOS, and WIMS-ABBN all exhibit an initial drop or "kink" at the first bumup step while the TVS-M curve has no discontinuity. This effect is also seen in the curves in Figure 4 .3. Apparently, the kink results from the simulations in SAS2H, HELIOS, and WIMS-ABBN using the specified initial concentrations from Reference 1 for 135Xe and 14' Sm as requested in the specifications for State Sl, the TVS-M simulation actually used its internal y consistent 135Xe and i4"Sm concentrations. The given values for these concentrations are too small and definitely not consistent with the correct value for the power density and neutron flux levels in the simulations. The concentration levels undergo adjustment throughout the simulations and particularly during the first bumup step. Tables 4.8 and 4 .9 show good agreement between the codes for the concentrations of two representative fissile nuclides 235U and 239Pu during the V2 depletion simulation. The relative differences in the net change in 239Pu between BOL and EOL for SASZH, HELIOS, TVS-M, and WIMS-ABBN are within 5% for the four codes. The relative differences in the net change in 235U for the four codes are within +1.5%. Figure 4 .1, the difference in b between BOL and EOL is smaller for the VlO case than the V2 case, thus the relative overall spread between the four code curves is about the same as in Figure 4 .2. For the RG MOX depletion simulation, the curves for SAS2H, TVS-M, and W&IS-ABBN tend to converge at EOL. The initial kink in the SAS2H, HELIOS, and WIMS-ABBN curves is the same effect discussed above. An interesting observation is that the curves for SAS2H, WIMS-ABBN, and HELIOS k, vs burnup data are nearly parallel over the entire bumup history; thus, their slopes are almost the same. The relatively constant displacement of these three curves may be the result of the nuclear data for a particular nuclide in the fuel composition.
SUMMARY AND CONCLUSIONS
There is general agreement between the calculated values for &e, b, and kinf between SAS2H, HELIOS, MCU, and TVS-M for all the fresh fuel (zero-bumup) VVER-1000 pin-cell benchmark cases. SAS2H calculations have lower kinf values (-1.0 -1.5% reactivity) than HELIOS.
On the other hand, bff values are slightly larger for SAS2H results than for HELIOS (by about 1.0% reactivity).
Despite differences in the values of absolute multiplication factors, there is good agreement in the values of the reactivity changes between the states.
The SCALE-4.3 control sequence module SAS2H, with its connection to ORIGEN-S depletion code, was used in the simulation of three fuel depletion cases. As verification of the SAS2H results, SCALE-4.3KSAS cases were run for the same zero-bumup benchmark cases with perfect agreement.
The results of fuel depletion simulations performed with SAS2H for the three cases (VI, V2, and VlO, in State Sl) are in good general agreement with the results from HELIOS, WIMS-ABBN, and TVS-M. The curves for k, vs bumup for the four codes show a small kink in the first bumup step that is caused by the '35Xe and i4"Sm concentrations in the initial fuel compositions in the SAS2H, HELIOS, and WIMS-ABBN calculations using the specified (but too small) concentrations from Reference 1. Overall, the b vs bumup curves for the four codes for the fuel depletion simulations show similar trends.
Despite the different code methodologies and nuclear data, there is good agreement between the four codes used in the depletion simulations (SCALE-4.3/SAS2H, HELIOS, WIMS-ABBN, and TVS-M).
The results from the codes used for the zero-bumup (nondepletion) pin-cell benchmark cases (SCALE-4.3/SAS2H, HELIOS, MCU-RFFI/A, and TVS-M) are also in good agreement when identical simulations were performed.
The good general agreement between the depletion and non-depletion VVER-1000 pincell benchmark cases between SCALE-4.3/SAS2H
and HELIOS serves as an additional verification of the HELIOS code for use in modeling VVER-1000 MOX cases. In addition, the comparison of SCALE-4.3/SAS2H and HELIOS results from ORNL with the results of the Russian codes MCU-RFFI/A, TVS-M, and WIMS-ABBN is important as a good gauge of the agreement of the various codes and nuclear data. 
